Abstract: Antidepressants have different receptor binding profiles, which are related to therapeutic action and adverse drug reactions. We constructed a model to classify antidepressants on the basis of their binding properties of most common transporter-and receptor sites. Receptor binding was quantified by calculating receptor occupancy for the 5-HT (serotonin) reuptake transporter, norepinephrinic reuptake transporter, 5-HT 2C -receptor, M 3 -receptor, H 1 -receptor and 1 -receptor. To identify groups of antidepressants that show similar patterns of receptor occupancy for different receptors, hierarchical cluster analysis (HCA) and principle component analysis (PCA) were used. In addition, to visualize (a)symmetry between binding profiles of antidepressants, radar plots were constructed. On the basis of both analyses, four clusters of antidepressants which exert similar pharmacological properties were identified. Potentially, this model could be a helpful tool in medical practice and may be used as a prediction model for adverse effects of drugs entering the market.
INTRODUCTION
Since 1958, more than 20 antidepressants have reached the market and they have proven to be effective in the treatment of depression and other psychiatric disorders. It still remains to be elucidated what the mechanism is behind these therapeutic effects [1] . All currently approved antidepressants elevate central monoamines in the brain (particularly serotonin and norepinephrine), although important pharmacological differences exists in the way antidepressants exert these effects. Meta-analyses have revealed that modern antidepressants overall are not more efficacious and act not more rapidly than the first generation agents such as imipramine and clomipramine [2] [3] [4] [5] . Besides, in treatment-resistant depression, intraclass switching from one serotonergic reuptake inhibitor (SSRI) to another has proven to be effective in 40-70% of the patients [6] which is hard to explain from a pharmacological point of view. In contrast, much more is known about the relation between adverse drug reactions and *Address correspondence to this author at the Division of Psychopharmacology, Utrecht Institute for Pharmaceutical Sciences, Faculty of Science, Utrecht University, P.O. Box 80-082, 3508 TB, Utrecht, The Netherlands; Tel: +31 302533529; Fax: +31 302531599; E-mail: B.Olivier@uu.nl the pharmacological mechanisms of antidepressants [7] . Two major groups of adverse drug reactions can be recognized: type A and B effects. Type A adverse drug reactions are adverse effects related to the pharmacological actions of the drug. Type B adverse drug reactions, refer to the phenomenon that a medicine is well tolerated by the (vast) majority of users, but occasionally elicits a patient specific reaction to the drug not related to pharmacology [8] . It has been shown that important differences exist between antidepressants with respect to the nature of adverse drug reactions and that these tolerability and safety aspects are important for tailoring an antidepressant to the individual patient as well as for adherence of the patient to antidepressant therapy.
Traditionally, antidepressants are put into the market and classified on the basis of a) their molecular structure and/or b) the way they interfere with the serotonergic and norepinephrinic neurotransmitter systems. Five commonly defined categories are: 1) tricyclic antidepressants (TCAs), 2) selective serotonin reuptake inhibitors (SSRIs), 3) dual serotonin and norepinephrine reuptake inhibitors (SNRIs) 4) serotonin-2 antagonist/reuptake inhibitors (SARIs) and 5) norepinephrinic and specific serotonergic antidepressants (NaSSAs). From a pharmacological point of view this classification can be quite confusing. For example, clomipramine is classified as a TCA but pharmacologically shows very much similarity with SSRIs. A pharmacodynamic system of classification can easily accommodate new agents as they become available. For example, it is known that it is difficult to translate results about the safety of drugs from clinical trial data into clinical practice, because trials are conducted in relatively small and highly selected groups of patients. Furthermore, most adverse drug reactions are discovered during extended use after approval. A model which identifies antidepressants based on their pharmacological binding properties may be beneficial in the better assessment and understanding of the adverse drug reaction profile of novel agents. Furthermore, for many clinicians, it provides a rational basis for sequential treatment selection, particularly in those cases when a patient has experienced ADRs. Finally, a pharmacodynamic classification system also may be used in pharmacovigilance in the search for high risk antidepressants for specific adverse drugs reactions. This system may help us to unravel the mechanism behind these adverse drug reactions.
Thus, for a better understanding of receptor-mediated pharmacological action, we constructed a multivariate model to classify antidepressants on the basis of their binding properties of most common transporter-and receptor sites.
MATERIALS AND METHODS
Receptor binding was quantified by calculating receptor/transporter occupancy (hereafter: receptor occupancy) for the 5-HT (5-hydroxytryptamine) reuptake transporter, norepinephrine reuptake transporter, muscarine M 3 -receptor, histamine H 1 -receptor, alpha 1 -receptor and 5-HT 2c -receptor. The 5-HT reuptake transporter and norepinephrine reuptake transporter are the primary transporters responsible for central monoamines elevation and the muscarine M 3 -receptor, histamine H 1 -receptor, alpha 1 -receptor and 5-HT 2c -receptor are pharmacological related to common type A adverse drug reactions of antidepressants. Receptor occupancy expresses the magnitude of the binding of a drug to the receptor site at mean steady state plasma concentration. To identify clusters of antidepressants with a similar binding profile, hierarchical cluster analysis and principle component analysis (PCA) were used [9] . Subsequently, to visualize (a)symmetry between binding profiles of antidepressants, radar plots were constructed.
Receptor Occupancy Model

Pharmacokinetic Parameters
The mean steady state plasma concentration (C ss ) of antidepressants was obtained by calculating the average value of the lower limit (C min ) and upper limit (C max ) of the therapeutic window using the following equation:
The mean unbound plasma concentration (C u ) was calculated by multiplying C ss by the plasma unbound fraction (f u ):
C max , C min and fu were obtained from reference lists used in hospitals in The Netherlands for Therapeutic Drug Monitoring (TDM) [10, 11] . For bupropion, duloxetine and reboxetine a therapeutic window was not available. The mean free steady state plasma concentrations for these compounds were calculated by multiplying the plasma unbound fraction (f u ) by the bioavailability (F) and the dose of the drug (D 0 ) divided by the multiplication of volume of distribution (V d ), elimination constant (k) and dosing interval ( ).
Inhibition Constants of Antidepressants
The inhibition constant (K i ) is a measure of the binding affinity of a ligand (antidepressant) for its receptor. K i is the concentration of the ligand in which the receptor is occupied for 50% by the ligand. K i ' s for all antidepressants were obtained from the Psychoactive Drug Screening Program (PDSP) K i database [12] and literature [7, . The PDSP K i database serves as a data warehouse for published and internally-derived K i , or affinity, values for a large number of drugs and drug candidates at an expanding number of Gprotein coupled receptors, ion channels, transporters and enzymes. Most of the K i -values were obtained from experiments with cloned human receptor cell lines, but also human receptors from brain tissue, (frontal) cortex, tissue, choroids plexus tissue, striatum tissue, cortical membranes and platelets were used. When we found more than one K i -value for a specific antidepressant-human receptor interaction we took an average value of the K i ' s. When no K i -value for a specific antidepressant-human receptor interaction was available, we took a K i -value for a specific antidepressant-animal receptor interaction. If K i -values exceeded 10,000 nM a value of 10,000 nM was assumed. Higher values will not contribute substantially to receptor occupancy at mean steady state plasma concentration of antidepressants.
Quantitative Prediction of Pharmacological Action Based on Average Pharmacokinetic Parameters
The extent of pharmacological action by antidepressants at steady-state concentrations was predicted by using the following procedure. Receptor occupancy ( ) for different receptors, an index of the extent of different pharmacological actions, can be expressed in terms of unbound drug concentration around the receptor (C d ) and the K i of each antidepressant for all different receptors, according to the following equation:
The receptor occupancy values at steady state were calculated by assuming that C d in equation 4 is equal to C u in equation 2 and substituting equation 2 in equation 4. This assumption is true for well perfused peripheral tissue and organs. Passage of the blood brain barrier is relatively easy for lipophilic agents like antidepressants. However, not concerned with hypothetical influence of p-glycoprotein, binding at solid tissue structures and dissolving in lipophilic tissue, the free concentrations of antidepressants in the central nervous system (CNS), and thus receptor occupancy, will be lower because of a time lag of mass transport.
Analysis
To identify clusters of antidepressants with a similar binding profile, hierarchical cluster analysis was used. This method classifies antidepressants and receptors in clusters in accordance with their overall homology, based on receptor occupancy, to yield a binary dendrogram (Fig. 1) . Antidepressants were progressively fused into subclusters and clusters until they comprised a single group. The length of the bars between the pair of drugs reflect their dissimilarity that is, the shorter the distance, the more closely related the pair of drugs or receptors. Within the dendrogram a heatmap was integrated. A heatmap is a graphical representation of data in a two-dimensional map where the receptor occupancy values are represented by a spectrum of colors ranging from yellow (0% receptor occupancy) till black (100% receptor occupancy).
In addition, principle component analysis (PCA) was used as a data reduction technique to find structure in a data matrix of antidepressants versus receptor occupancy for different receptor types. PCA reduces the original set of variables into a smaller, orthogonal set of variables that is composed of linear combinations of receptor occupancy data for particular receptors, called principle components. The coordinates of the orthogonal variable set are chosen such that they capture as much of the total variance as possible in the original data. In this way, it is possible to identify groups of antidepressants that show similar binding profiles. The score plot displays the contribution of each receptor type as a function of the principle components. The loading plot displays the projection of the receptor occupancy data of antidepressants upon the principle components (Fig. 2) . The correlation matrix was used in the PCA and transformation was achieved by making use of eigen vectors.
Radar plots were used as a non-statistical method to visualize symmetry or un-symmetry between pharmacological profiles of antidepressants. A radar plot can be thought of as a histogram for an individual antidepressant that has been bent into a circle with each individual spoke representing receptor occupancy for a particular receptor. 
RESULTS
Inhibitory constants and receptor occupancy of 20 antidepressants for 6 binding sites (5-HT reuptake transporter, norepinephrine reuptake transporter, muscarine M 3 receptor, histamine H 1 -receptor, alpha 1 -receptor and 5-HT 2c -receptor) were determined and summarized in respectively Tables 1 and 2. Fig. (1) shows the dendrogram from the hierarchical cluster analysis with the heatmap integrated. A column within the heat map can be viewed as a pharmacological barcode for a single antidepressant. By comparing these barcodes clusters of antidepressants with similar binding profiles can be identified. Looking at the dendrogram, the most striking differentiation between antidepressants is at the first two nodes, which yields four clusters of antidepressants.
Application of PCA to the receptor occupancy data reveals that 83.4% can be accounted for by two axes: component 1 and component 2. This means that a reduction of dimensionality from six receptors to two axes preserves almost the entire variance of the data. The majority of the variance (63.3%) can be attributed to principle component 1 which is highly positive correlated to receptor binding to the norepinephrine reuptake transporter, muscarine M 3 receptor, histamine H 1 -receptor, alpha 1 -receptor and 5-HT 2c -receptor. Component 2 accounts for 20.1% of variance and is highly positive correlated to receptor binding to the 5-HT reuptake transporter. Fig. (2) shows the score plot and the loading plot. The score plot involves the projection of the antidepressants onto the two components. Antidepressants with similar binding are located in the same area of the score plot. PCA identifies the same four clusters as hierarchical cluster analysis. The loading plot visualizes the contribution of each receptor to the two principle components by vectors.
Radar plots (Fig. 3) complement the dendrogram, heatmap and score plot in visualizing symmetry or un-symmetry between binding profiles in the four clusters of antidepressants in a non-statistical way.
The first cluster comprises sertraline, fluvoxamine, escitalopram, paroxetine, venlafaxine, fluoxetine, citalopram, duloxetine and clomipramine, which all show high affinity for the 5-HT reuptake transporter. Duloxetine and clomipramine show high affinity for the 5-HT reuptake transporter but also had little affinity for one or more other binding sites. The second cluster comprises imipramine, amitriptyline and doxepin. These antidepressants had in common that they show high affinity for all six binding sites. The third cluster comprises maprotiline, nortriptyline, mianserin and mirtazapine which all show high affinity for the histamine H 1 -receptor and 5-HT 2c -receptor and less affinity for the 5-HT reuptake transporter. Except mirtazapine, the other antidepressants also show high affinity for the norepinephrine reuptake transporter and moderate affinity for the alpha 1 -receptor.
The fourth cluster comprised trazodone, nefazodone (withdrawn from the market in 2003), reboxetine and bupropion. These antidepressants were identified as a rest group with no specific similarities within and outside the cluster.
DISCUSSION
For a better understanding of receptor-mediated pharmacological action we constructed a model to classify antidepressants on the basis of their binding properties of most common transporter-and receptor sites. We used the receptor occupancy model and analyzed it with hierarchical cluster analysis and PCA. Both multivariate techniques were complemented with radar plots to visualize symmetry or nonsymmetry between binding profiles of antidepressants. All methods showed three different clusters of antidepressants with similar properties and a rest group with no specific similarities.
This model deals with several assumptions and restrictions. First, we did not account for the degree of passage of the blood brain barrier of antidepressants. Central nervous system (CNS) concentrations will be lower than peripheral plasma concentrations. Second, the ability of a drug to produce a physiological effect is dependent on receptor occupancy and the propensity of the drug to activate the receptor (intrinsic activity). Drugs bound to a receptor differ in their ability to initiate a change in receptor conformation and physiologic activity. In our model, we assumed that all anti-depressants are full agonists or antagonists for all receptor types. Third, a certain number of receptors are "spare." Spare receptors exist in excess of those required to produce a full effect. The receptor occupancy model does not correct for the existence of spare receptors. Fourth, prolonged treatment with antidepressants results in downregulation of certain receptor sites. This means that in time, the same receptor occupancy may exert a different response because the number of receptor sites has changed. Fifth, many antidepressants also have active metabolites with different pharmacological binding profiles. K i -data of the metabolites unfortunately are less well documented than the parent compound. Therefore, it was not possible to include the metabolites in the PCA-model and visualize the binding profiles in radar plots. We summarized the effects of antidepressants on central monoamines in the brain based on a literature review in table 3 to give further insights into the pharmacological properties of the major active metabolites of antidepressants [13, 14, 16-20, 22, 25, 26, 29, 31, 32, 43-45] . From these data two metabolites are pharmacologically different from the mother compound. These are N-desmethylclomipramine (metabolite of clomipramine) and nortriptyline (metabolite of amitriptyline). Both metabolites bind more specifically to the NE reuptake transporter than the 5-HT reuptake transporter. The metabolite nortriptyline, also available as a mother compound included in the multivariate model, is a cluster 3 antidepressant (with common affinity for norepinephrine reuptake transporter, H 1 -receptor and 5-HT 2c -receptor) but its mother compound, amitriptyline, is categorized in cluster 2 (with high affinity for all receptors investigated). Sixth, our model was limited to the most common transporters and receptors of antidepressants for simplification. In addition to the 5-HT 2C -receptor the 5-HT 2A -receptor is also associated with side effects of antidepressants. Because the 5-HT 2C -receptor and the 5-HT 2A -receptor are subtypes of the same receptor we did not expect many differences in receptor occupancy of antidepressants for these receptor subtypes. To confirm this expectation we performed analysis with the 5-HT 2A -receptor in the model. The overall classification in four clusters did not change. Furthermore, bupropion mainly acts by dopamine reuptake inhibition. We performed additional analysis with the dopamine reuptake transporter included in the model. This did not change the overall classification in four clusters. Finally, it is important to note that mianserin and mirtazapine both have alpha-2 receptor blocking actions and indirectly stimulate the reuptake of norepinephrine. Unfortunately, K i -data of the alpha-2 receptor for all antidepressants were not complete. Therefore, it was not possible to perform additional analyses with the alpha-2 receptor in the model.
We used multivariate techniques to identify groups of antidepressants with similar binding profiles. This technique permits hypothesis-free exploration of similarities and differences as a function of overall binding profiles and has been demonstrated its value earlier in identifying receptor binding profiles with antiparkinson agents [46] . In the latter study, however, modeling was based on K i -data. Ideally, receptor occupancy should be measured in vivo or ex vivo using the same method. Pharmacodynamic modeling is often based on K i -data obtained from in vitro studies (which are already available) and is widely recognized. However, comparison of K i 's may not provide a proper evaluation of the pharmacological properties of antidepressants in vivo. A more than 100 fold range is not uncommon for the plasma unbound fraction among drugs. To account for in vivo concentrations at the receptor site, we used the receptor occupancy model and calculated the occupancy-values of antidepressants at steady state conditions. It has proven to be a appropriate measure to estimate the pharmacological effects among the drugs with the same mechanism of action [47] [48] [49] even if their receptor dissociation constants, clinical dosages, or pharmacokinetic properties are different.
We combined the receptor occupancy model with multivariate statistical techniques like PCA and hierarchical clus- tering. This provides a framework for interpretation of contrasting functional profiles of antidepressants in vivo and may aid in clinical decision making. For example, if an antidepressant from one cluster is not well tolerated by a patient due to adverse drug reactions, continuation of therapy may be more successful by switching to an antidepressant from another cluster with different pharmacological properties. This model may also be beneficial in the assessment of safety of novel agents in addition to risk-benefit ratio assessment in clinical trials and would be most appropriately performed before their therapeutic evaluation and post marketing surveillance. Finally, our model also may be used in pharmacovigilance in the search for high risk antidepressants for specific adverse drugs reactions. The pharmacological profile may help us to unravel the mechanism behind these adverse drug reactions. The model and the potential applications have to be validated by additional studies to prove its benefit. Finally, this strategy could also be applied to other groups of psychotropic drugs such as antipsychotics. 
In steady state conditions the velocities of reactions 5a and 5b are equal:
Rewriting equation 6:
C dr = C r * C d / K i ( 8 ) Receptor occupancy can be expressed as:
Substitution (8) and (9):
Divide numerator and denominator by C r :
Multiply numerator and denominator by K i : Amitriptyline is a strong inhibitor of both the 5-HT and norepinephrine transporter. Nortriptyline is preferentially a strong inhibitor of the norepinephrine transporter. Nortriptyline has a longer half-life than amitriptyline and will significantly contribute to the therapeutic effect of amitriptyline.
Bupropion
15-22 hydroxybupropion 20
Bupropion is a weak inhibitor of the dopamine transporter and hydroxybupropion is a weak inhibitor of the norepinephrine transporter. The mechanisms of action responsible for the clinical effects of bupropion are not fully understood but it has been suggested that both dopaminergic and noradrenergic components play a role and based on animal models the hydroxymetabolite contributes significantly to the antidepressant acitivity of bupropion.
Clomipramine is a strong inhibitor of the 5-HT transporter and also the most selective among the tricyclic antidepressants. Desmethylclomipramine on the other hand is a more potent and selective norepinephrine inhibitor. The half-life of desmethylclomipramine is longer than that of clomipramine and plays an important role for the therapeutic effect of clomipramine.
Fluoxetine 1-3 days N-desmethylfluoxetine (=norfluoxetine)
7-15 days
Fluoxetine is a strong inhibitor of the 5-HT transporter but also has weak affinity for the norepinephrine transporter. N-desmethylfluoxetine is also a strong inhibitor of the 5-HT transporter and more selective than fluoxetine. In addition, N-desmethylfluoxetine has a extremely long half life compared to fluoxetine and plays an important role for the therapeutic effect of fluoxetine. O-desmethylvenlafaxine has a longer half-life than venlafaxine and is consequenltly found at higher plasma concentrations than the parent compound. It therefore is very likely that O-desmethylvenlafaxine contributes significantly to the therapeutic effect.
5-HT: 5-hydroxytryptamine.
